A dynamical forecast model which has been applied to the o~t of the 1982/83 EI Niio is applied to the decay ofmis event. The timing of the decay is well ~ illustrating the ftexibility of the dynamical forecast model which could handle an unusual EI Nino, Le., the 1982/83 event with significant wind changes outside a well-recognized site for usual EI Nino related wind changes. The results ~ the need to include zonal winds from the entire equatorial PacifIc. It appears that the dynamical forecast model based on a linear numerical model forced by ship winds can be used to forecast the timing of the onset and decay of a major EI N"mo.
Introduction
Due to their influence on global climate (e.g., Ras.. musson and Wallace, 1983) , large interannual climatic events in the equatorial Pacific known as EI Nino have drawn much attention in recent years. The most recent EI Nino, which took place during 1982-83 and considered to be the strongest in this century (e.g., Cane, 1983) , has provided a new impetus for various facets ofE! Nino research including study of the predictability of an El Nino. Recently! both a statiStical and a dynamical model have been used to predict the onset of the 1982/83 El Nino. Barnett (1984a) , using a linear prediction model developed previously (Barnett, 1981; Barnett and Has.. se1mann, 1979; Hasselmann and Barnett, 1981) , has shown that the large growth of the sea surface temperature (SST) anomalies in 1982 in the equatorial Pacific could have been predicted 4-5 months in advance provided the zonal and meridional wind data from a prioriselected regions in the near equatorial Pacific were available. Wind over the equatorial Pacific is also the predictor used in the dynamical forecast model ~ntly presented by Inoue and O'Brien (1984) . However, no prior selection was made for the predictor regions, and winds over the entire equatorial Pacific ( 12 oS 18 oN) were used. They used the linear numerical model of the equatori~ Pacific developed by Busalacchi and O'Brien (1980, 1981) forced by the observed ship winds.. Moreover, they showed that the onset of the 1982/83 E1 Nino could have been forecast to be underway following the analysis of the April" 1982 surface wind field. There was some observational evidence to support the occurrence ofEl Nino precursor in the spring of 1982. Sea surface temperature (SST) anomalies were positive along the equator in the spring of 1982 (e.g., Winston, 1982) , and positive anomalies were observed in the heat content of the upper ocean in the eastern equatorial pacific preceding the well-recognized major onset which took place in late summer (White et al., 1985) .
Those forecast models are based on the "Kelvin wave" mechanism, originally pro~ by Wyrtki ( 1975) to explain the onset of an El Nino, i.e., an El Nino is due to the arrival in the eastern Pacific of a downwelling Kelvin wave pulse generated in the western and/or central pacific by the anomalous relaxations of the southeast trades.
Although both the statistical and the dynamical models use a linear transfer function for prediction, the dynamical model provides information on how various wind-generated disturbances emanating from different partS of the equatorial Pacific affect the eastern Pacific, leading to the onset and decay of an El Nino.
In this study, forecast simulation calculations using the dynamjcal forecast model initiated by Inoue and O'Brien (1984) are extended to include the decay phase of the 1982/83 El Nino. The dynamical model is also used to describe the evolution of this El Nino.
2. The dynamical forecast model and the wind datã e forecast model is based on the linear numerical model of Busalacchi and O'Brien (1980, 1981 (Busalacchi and O'Brien, 1980) as well as interannual variability (Busalacchi and O'Brien, 1981; Busalacchi et aL, 1983) in the equatorial and tropical Pacific. More details can be found in Busalacchi and O'Brien (1980) .
The wind stress data used to force the model come from ship wind observations. These were grouped into monthly values and subjectively analyzed onto a 2° by 2° grid. The interannual components of the monthly wind stress (the mean monthly winds have been subtracted) over the model domain were used as forcing. whereas large positive anomalies of the model upper layer thickness anomaly (UL T A) in the eastern Pacific (averaged over 100S-100N and 80-100°W) were used as an index ofEI Nino. Interannual components of the wind stress were formed by removing monthly means based on the 18-year dataset from 1961 to 1978.
The forecast simulation consists of two steps: First, the model calculation is carried out using the observed wind; second, the ULTA in the eastern Pacific is forecast three months from any particular month by holding the wind fixed at the values for that month and calculating the UL T A in the eastern Pacific. This forecast strategy presumes that Kelvin waves generated in the western and/or central Pacific dominate the eastern Pacific response: if the necessary wind changeS required to generate a large El Nino type Kelvin wave took place in the western and/or central Pacific, the arrival of the Kelvin wave pulse at the eastern boundary (i.e., the onset of an EI Nilio) can be predicted one to three months in advance. In order to optimize forecast lead time and forecast skill, a three-month running mean of the UL T A in the eastern Pacific after three months of steady wind integration (denoted by D3)was chosen for the predictand [for details see Inoue and O'Brien (1984) ]. The zonal winds near the equator in 1982-83 are characterized by a steady eastward translation of a zonal band of westerly wind anomalies (see Fig. 1 , e.g., Gill and Rasmusson, 1983) . The first appearance of the westerly wind anomalies is observed in early 1982 in the western Pacific (e.g., Lukas et al., 1984) , resulting in the generation of the first Kelvin wave pulse-[Kl in Fig. 2 (Inoue and O'Brien, 1984) ]. Passage of a Kelvin wave pulse in the central Pacific in April 1982 with a phase speed consistent with the first baroclinic mode Kelvin wave has been reported (Voorhis et al., 1984; Mangum and Hayes, 1984) . After a temporary weakening of these westerly wind anomalies in April and May 1982, a strong westerly wind anomaly development is observed to the west of 160oW (e.g., Rasmusson and Wallace, 1983) . This temporary weakening of westerlies resulted in the generation of an upwelling
Description of the 1982/83 EI Niiio
Before discussing the forecast results for the decay phase of the 1982/83 E1 Nino, a description of the evolution of this event is presented in this section based on the dynamical model forced by the observed wind Figure 1 shows a longitude-time plot of the interannual components of the zonal wind pseudostress (i.e., T x = UW, where U is zonal wind and W is the magnitude of the horizontal wind speed) averaged over :t4°l atitude of the equator. FIgure 2 shows a longitudetime plot of the UL T A along the equator for the observed wind case, while Fig. 3 shows a similar plot along 3.6°N. and February 1983 in the centrai Pacific (180°-140°W). The movement of the westerly wind anomalies is related to a similar eastward migration of an anomalous region of atmospheric convergence (Gill and Rasm~n. 1983; Barnett, 1984b) . A broad local maximum in UL T A appears to move eastward with the advancing boundary between the westerly wind anomalies (to the west) and the easterly wind anomalies (to the east; i.e., the oceanic anomalies move with the atmospheric convergence). This corresponds to the eastward migration of the high sea level (Wyrtki. 1984 ) and the atmospheric convection zonẽ ted with the warm pool of water (Gill and Rasmusson, 1983) . F1gUI'e 3 shows that the oceanic anomalies ~ted with this atmospheric convergence are not confined to the equator and they have significant signal at 3.6°N.
Superimposed on the major strengthening and weakening of the atmospheric convergence during the ILTA ~ 3.s. Kelvin wave pulse which. upon its arrival at the eastern boundary in June and July 1982, upwelled the model pycnocline (K2 in Fig. 2) . Corresponding temporary drop in sea level and in SST has been o~rved (e.g., Fig. I in Halpern et al., 1983) . The model pycnocline started to downwell after July 1982 due to the arrival of a downwelling pulse "kicked off" by the major intensification of westerly wind anomalies in the central Pacific. In the next 12-14 months, this zonal band of westerly wind anomalies translates eastward at nearly a constant speed, almost reaching the eastern boundary in early 1983 (e.g., Rasmusson and Wallace, 1983 Tbe ~ Ii~ 1~~Dt the WestWard 1II'-,JIIIIic;.. of~ ~ to the model results, a resulting upwelling Kelvin wave pulse generated in the central Pacific was so intense that it left a "ringing" effect in the equatorial Pacific through 1984, fust in the form of a Kelvin wave pulse (K6 in Fig. 2) , second in the form of a reflected Rossby wave (R6 in Fig. 3) , and then as a reflected Kelvin wave pulse (K7 in Fig. 2) . It should be noted-that the reflected Rossby wave (R6 in Fig. 3 ) was so strong that it had significant signal along the equator (see Fig. 2 ).
4. Application of the dynamical forecast model to the decay phase of the 1982/83 EI Nffio Figure 4 shows the three-month forecast UL T A (D3 value ) and the UL T A forced by the observed wind for 1982-83. The latter is well predicted by the forecast model even during the decay phase of this EI Niiio. The apparent time lag of almost a month in the forecast values with respect to the observed wind case is due to the dominance of the wind changes which took place in the central and eastern Pacific during the decay phase of this event (a relevant discussion for the major onset of this event can be found in Inoue and O'Brien, 1984) . In order to compare the forecast UL T A to some real observed oceanic response in the eastern Pacific, the observed monthly sea-level anomaly (deviations from annual cycle based on the seven-year period 1975 to 1981) at Santa Cruz (0°, 9O°W) is plotted against the forecast UL T A in Fig. 5. A decline in sea level, marking the beginning of the decay phase of this event, took place in June 1983. This was accompanied by a similar drop in temperatures along the South American coast (e.g., Cane, 1983; Rasmusson and Wallace, 1983; Chavez et al., 1984) . The timing of the decline in thẽ -level record is well predicted.
(HI course of its slow eastward migration were several minor strengthening and weakening periods. One example is an easterly wind anomaly development in January 1983 near 1200W. This forced an upwelling Kelvin wave pulse (K4 in Fig. 2 ) which, upon its arrival at the eastern boundary, upwelled the model pycnocline. The subsequent increase in UL T A at the eastern boundary was due to the incoming downwelling Kelvin wave pulse (K5 in Fig. 2 ) generated near 1100W by a development of the westerly wind anomalies. The observed double peaks in UL T A in the eastern Pacific are similar to features in the observed sea-level records in the eastern Pacific (e.g., Wyrtki, 1984) . A similar explanation regarding the double peaked downwelling at the South American coast has been proposed previously (Tang and Weisberg, 1984) . Westward propagation resulting from the reflection off the eastern boundary is evident along 3.6°N where the first meridional mode Rossby wave has its maximum height field amplitude (see Fig. 3 ). The first Kelvin wave pulse in the spring of 1982 (K1 in Fig. 2 ) is reflected as a Rossby wave (R 1 in Fig. 3) . It is interesting to note that the propagation of this Rossby wave into the central Pacific in July 1982 coincides with the dramatic intensification of the westerly wind anomalies in that region (i.e., strengthening of the atmospheric convergence). This suggests a possible air-sea interaction leading to the major onset of this event.
This particular Rossby wave has not been reported in the literature so far. However, theory (e.g., Moore and Philander, 1977) says that the Kelvin wave reflection off the eastern boundary becomes westward propagating Rossby waves. Recent observations by Lukas et aI. (1984) indicate evidence for the first baroclinic mode, first meridional mode Rossby waves during the onset phase of the 1982/83 El Nino. Hence, it is suggested here that part of the Kelvin wave pulse (K1) observed in the spring of 1982 was reflected as a Rossby wave. It is interesting to note that the SST fields along the equator presented by Harrison and Schopf (1984, their Fig. 5a ) (original data from F. Miller) appear to indicate westward advection of the SST fields in the eastern Pacific after April and May 1982, suggesting that this might be due to the passage of a downwelling Rossby wave.
In September-October 1983, UL T A is negative along the equator all across the basin (see Fig. 2 ), indicating a net loss of warm water from the equatorial Pacific region. This agrees with the findings ofWyrtki (1984) that the sea level was anomalously low all along the equator from the western to the eastern Pacific during this period. Slight negative anomalies in SST, up to -1 °<;, were observed along the equator between 100° and 150oWin November 1983 (Bergman, 1984) .
After August 1983, the recovery of easterly winds near the equator tOok place all across the basin with anomalously strong easterlies appearing in the central Pacific (1700E-150°W) (Bergman, 1984) . According boundary depends on the near-equatorial zonal wind stress integrated over the length of the pacific. In the later stages of the 1982/83 El Nino, this unusual event produced significant wind changes in the eastern Pacific, a region outside a well-recognized site for usual El Nino related wind changes. This explains the difficulties encountered by the statistical forecast model of Barnett (1984a) , which used the near-equatorial zonal winds only west of 160oW in addition to the meridional winds from other equatorial regions for the wind predictors. In early 1983, a significant part of the westerly wind anomalies moved into a region east of 160oW, while relatively weak easterly wind anomalies appear west of 160oE (see Fig. 1 ). This led the statistical forecast model to misforecast the decay of this El Nino in the eastern Pacific in early 1983. This could also account for a more mtisfactory performance of the statistical forecast model for the central equatorial Pacific, because zonal winds west of this region are taken into account in the statistical model. 
Conclusions
Although the timing of the decay of the event can be forecast by the dynamical model, discrepancy regarding the range of variability in the two variables (sea-level and forecast UL T A) should be addressed. In a reduced gravity model, corresponding sea-level variations (11,,) due to variations in the model upper layer thickness (I1H) can be estimated as
Based on the results shown here and in the previous work, it appears that a dynamical forecast model based on a linear numerical model forced by ship winds can be used to predict the timing of both onset and decay of a major El Nino with lead times of one to three months. By producing significant wind changes in a region outside a well-recognized site for usual El Nitio related wind changes, the decay of the 1982/83 EI Nino provides a good example for illustration of the flexibility built into the dynamical forecastmodei. as compared to the statistical approach. The results presented here confirm Barnett's conclusion (1984a) that local characteristics of the wind field (Le., wind changes in the eastern Pacific) are important during the decay phase of this event.
In this study, no mention has been made of statistical forecast criteria for predicting the decay of an El Nitio. The 1982/83 El Nino appears to have been influenced significantly by the higher bar~linic modes, particularly in the later stages of the event (Leetmaa, personal communication, 1983; Mangum and Hayes, 1984; BuSll~cchi and Cane, 1985) . This preSents a problem in addressing forecast criteria in the dynamical forecast model which resolves only the first baroclinic mode. However, the results shown here appear encouraging. production of the wind data. Jim Merritt provided the computer programs for processing the wind data. We are grateful to Mark Cane, Tim Barnett and an anonymous reviewer for their helpful comments. Special thanks to Klaus Wyrtki for providing the sea level data p where 4p is the density difference between the upper and lower layers in the model, and p is the density of the upper layer. If we take ~p/ p = 0.003, sea-level variations before August 1982 (prior to the major onset) are accounted for reasonably well by the model However, the model underestimates the range of sea-level variations after the major onset.
It appears that the tendency of the dynamical forecast model to underestimate the amplitude of the El Nino during the mature phase results partly from the significant contribution of the higher baroclinic modes during the event (e.g., Mangum and Hayes, 1984; Busalacchi and Cane, 1985) which are not resolved by the model It is noted, however, that the initial pulse (either for the onset or for the decay) is carried by the fust baroclinic mode. Therefore, the dynamical fom odel with only the equivalent first baroclinic mode should have sufficient resolution to forecast the timing of the onset and also the decay of an El Nino.
As was ~ in the previous section, the 1982/ 83 El Nino is characterized by the equatorial Pacific Ocean response to the eastward-translating zonal band of westerly wind anomalies (Gill and Rasm~n, 1983) . Relevant detailed discussions can be found in Tang and Weisberg (1984) . According to theory (Cane, 1984) , the Kelvin wave amplitude at the eastern at Santa Cruz. We thank Helen McKelder and Rita Kuyper for typing the paper.
